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SUMMARY 

An approximate equation is derived for quenching distance based 
on the effect of the destruction of atoms and free radicals by a sur- 
face, on the chemical reaction, and on flame propagation. The 
quenching distance is expressed in terms of the diffusion coefficient 
for the active particles, the partial pressure of the active particles, 
the time between effective collisions of active particles and gas 
phase molecules, the efficiency of the surface as a chain breaker, the 
total presstire of the mixture, and a constant which depends on the 
geometry of the quenching surface. 

The general equation predicts that the quenching distance of a 
slit (plane, parallel plates) should be 0.61 times the critical, 
diameter for propagation throu^ a tube. This prediction agrees quite 
well with the two observed factors of 0.70 and 0.62 for the ratio of 
the quenching distance between parallel plates and in cylindrical 
tubes as reported in the literature for propane-air flames. The effect 
of pressure on the quenching distance was calculated from the equation 
by using the equilibrium partial pressures of atoms and free radicals. 
The quenching distance for a stoichiometric propane-air flame was pre- 
dicted to be proportional to the pressure to the -0.91 power which com- 
pares favorably with the values of -0.88 detennined from quenching- 
distance measurements and -0.97 from measured critical diameters for 
propane -air mixtures. A comparison of the derived quenching-distance 
equation with the Tanford and Pease equation for the burning velocity 
shows that the predicted relation between burning velocity and 
quenching distance is consistent with the observed relation. The fact 
that the experimental data agree so well with the predictions of the 
equation suggests that the destruction of atoms and free radicals on a 
svirface may control the quenching process under some conditions. The 
derived equation is Tised in two ways to predict quenching distances for 
propane-air flames; (l) with one empirical constant derived from 
quenching data; and (2) with a constant which is the quotient of the 
lean flammability limit and a rate constant from fl ame velocity measure- 
ments. Both methods of calculation give quenching distances which are 
in satisfactory agreement with the calculated values. 
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HWRODUCTIOW 

The process of quenchirig Is in^jortaat to the behavior of flames 
because this process may control flame stabilization, press^e limits 
of flammability, concentration limits of flammability, and the effi- 
ciency of combustion in the region of cold surfaces. The experimental 
approach to the study of quenching usually involves the meas\arement of 
a quenching distance which is considered to be (l) the minimum diameter 
of a tube or the distance between parallel plates through which a flame 
will flash back; (2) the minimum distance between parallel plates for 
which a flame will propagate from a spark of minimum energy; or (3) the 
length of the dead space between a burner rim and a stable flame. The 
magnitude of the quenching distance varies with fuel type, fuel-oxidant 
ratio, pressure, tenperature , and quenching -surface geometry. The 
quenching distance is related to the other combustion properties of the 
mixture such as flame speed, minimum ignition energy, and limits of 
flammability. Any coEiplete theory of the combustion wave should show 
the relatione between all the combustible mixture properties and make 
possible the estimation of the magnitude of one from a knowledge of 
the others. Also the relation of each combustion property to the true 
fundamental properties of the gas mixture should. be.. clear i. 

One relation has been derived by Lewis and von Elbe (reference 1, 
pp. 211 to 480) who consider the transport of enthalpy in the combus- 
tion wave to be governed by heat transport only. Diffusion is 
neglected. Use of this approximation makes it possible to relate min- 
imum ignition energy, burning velocity, and quenching distance by one 
equation. From this equation, Lewis and von Elbe (references 1 and 2) 
have calculated quenching distances for some methane -oxygen -nitrogen 
mixtures and propane -air mlxtvires at atmospheric pressure and room 
temperature. The average deviation of the calculated quenching distance 
from the measured is 23 percent for hydrocarbon-lean mixtures and is 
somewhat greater for hydrOcarbon-rich mixtures. Becatise biorning- 
velocity measurements are uncertain at low pressures, quenching-distance 
calculations could be made for atmospheric pressure only. 

A second type of approximate theoretical .treatment of the combus- 
tion wave results from considering the diffusion of atoms and free 
radicals as the governing process. Such an approximate treatment has 
been used for the study of burning velocities (flame speeds) by Lewis 
and von Elbe (reference 3) and later Tanford and Pease (references 4 
and 5) . 

As part of a flame propagation investigation .et the NACA Lewis 
laboratory, the maximum flame velocities for hydrocarbon-air mixtures 
for paraffin, olefin, diolef in, and acetylene hydrocarbons have been 



2389 


NACA EM.E51L18 


3 


shown to he predicted, hy a TanTord and Pease equation (references 6 
and 7). Although the diffusion treatment has been successful in the 
study of flame velocity It has not been used for other processes such 
as ignition and quenching. ^ 

In this r^ort the second type of approximate treatment is extended 
to the quenching process. A sinple active particle mechanism of quench- 
ing is examined in 'which active particles are considered to be generated 
in the gas and destroyed on the container walls . Such a mechanism is 
shown to predict the existence of a limiting diameter for flame propa- 
gation. An equation is drived which relates the limiting diameter to 
the concentration of active particles ^ the diffusion coefficients for 
these active particles, the time between effective collisions of an 
active particle and a gas phase molecule, the efficiency of the wall to 
destroy chain carriers; the pressure, and a constant dependi.ng on the 
stiape of the duct throu^ which the flame is propagating. The pre- 
dicted pressure effect is compared with the experimentally observed 
effect of pressure reported in the literature for two types of quenching - 
distance data. The derived equation is conpared with the Tanford and 
Pease equation for flame velocity, and the relation of flame velocity to 
quenching distance is predicted. 


THEORY 

Basis for Existence of a Critical Diameter for Flame Propagation 

In the previous investigation of the process of flame propagation 
based on an active particle diffusion mechanism, the effect of the 
destruction of active particles on the container walls was considered 
negligible (reference 5). In order to extend the mechanism to the 
study of flames propagating in narrow ducts, the effect of active 
particle destruction on the walls must be evaluated. In the following 
paragraphs the potential ability of the wall to limit flame propagation 
is semiquantitatlvely discussed on the basis of a sinple mechanism in 
which active particles are considered to be generated uniformly in the 
gas and destroyed on the walls only. 

Suppose that a niimber of active particles N are introduced into 
a unit volume of combustible mixture. Assume that whenever these par- 
ticles collide with a molecule of any type in the gas phase (fuel, 
oxygen, or nitrogen) the active particle is either regenerated or does 
not react. The particle is then free to react on the next collision. 
But when a carrier collides with the wall, it is destroyed and a com- 
bustion chain is terminated. After a time intezval sufficient for each 
active particle to make one collision there will be less than the 
original number of active particles N. in the unit Volume of gas. In 
other words, the active particles do not reproduce themselves in the 
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"first generation" and there will he only HE active particles^ where 
E is the efficiency of reproduction. In n generations, the total 
number of collisions between active particles and gas phase molecules 
in a unit volume may be represented by the series: 

HE + HE^ + . . . HE^ 

Since E < 1, the series converges to the value HE/1-E. This value 
is then the maximum number of collisions per unit volume between active 
particles and molecules of gas. The convergence of the series means 
that there is a limit to the possible number of collisions between 
active particles and gas phase molecules. 

Now consider a propagating flame entering a tube of small diameter. 
In the following sketch, the unit gas volumes represented by areas 1, 

2, 3, and 4 are the same size: 



The volume of gas represented by area 2 is identical with that volume 
represented by area Ij that is, the efficiency of reproduction of active 
particles is the same and the gas composition is the same. Therefore 
the number of active particles which diffuse out of volume 2 is the same 
as diffused into it from volume 1. Unit gas volume 3, however, differs 
from 2 because the efficiency of reproduction of active particles is 
decreased by the effect of the walls. The maximum number of collisions 
between active particles and gas molecules is therefore less than in 
volume 2. If this total numiber of collisions is not sufficient to bring 
about conplete reaction, then fewer active particles will diffuse out of 
volume 3 than diffused into it. In volume 4, then, the maximum number of 
collisions between active particles and gas phase molecules is again 
reduced. In this case, the efficiency of reproduction is the same in 
unit 4 as in 3, but the number of active particles entering 4 is less 
than the number which entered 3. Successive volume units would show the 
same effect 'until the flame is quenched. On the other hand, if the total 
number of collisions in unit volume 3 is sufficient for complete reaction, 
the number of chain carriers entering volume 4 is essentially the same as 
the number which entered volume 3. The efficiency of reaction is the 
same; so that reaction is complete again. The efficiency of reproduction 
and the number of carriers entertng the unit are the same for every suc- 
cessive unit volume; therefore the flame continues to propagate. 
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The next step is to consider how i mp ortant the destruction of a 
small fraction of the active particles could he in the quenching process. 
A simplified example is used for this purpose, S®pose that a unit vol- 
ume of gas contains SKIO^"^ molecules and that 10 ^° active particles are 
Introduced into it. If reaction occurs at every collision of an active 
particle and a molecule, and if all molecules must react for a flame to 
propagate, the effect of the destruction of some of the active particles 
may he calculated from the expression for the sum of the series . If one 
active particle in 100 were destroyed (E = 0.99), only 9 . 9 X 10^6 colli - 
sions between active particles and molecules could occur and the flame 
would he extinguished. If, however, one in 1000 were destroyed 
(E a* 0.999), 9.99X10^’^ collisions would occur and the flame would con- 
tinue to propagate. These simple considerations suggest that the 
potential power of the destruction of a small fraction of chain carriers 
to limit flame propagation is strong. 


Derivation of General Equation for Quenching Distance 
and Critical Diameter 

It is assumed that chain carriers are introduced into the gas ahead 
of the flame hy diffusion from the humlng zone, and that they are 
regenerated uniformly hy chemical reaction in some thin cross section of 
the duct. Chain branching is considered to he negligible, and the most 
Inportant process of destruction of active particles is collision with 
the walls. 

Consider a homogeneous volume element located at the mouth of a 
small duct. The criterion for flame propagation in this element is 
expressed hy equation (l) in which the total number of effective colli- 
sions per unit volume before the chain carriers are destroyed at the 
wall is set equal to the total number of effective collisions per unit 
volume necessary for the flame to continue to propagate, (An effective 
collision is defined as one in which a step in the oxidation chain is 
conpleted. ) 


t^Ni 


= AN-f 


T 


( 1 ) 


where 

V average number of effective collisions of an active particle of one 
^ hind with gas phase molecules before the particle collides with 
the wall 

number of active particles of one kind per unit volume 
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e ^ efficiency of wall to prevent active particles whicli collide with 
it from returning to gas phase as chain csirriers 

A fraction of molecules present, in gas phase which must react for 
flame to continue to propagate 

Nqi total number of molecules per unit volume 

(All synibols are defined in the appendix.) 


The average nuniber of effective collisions made by ah active par- 
ticle generated in the gas phase while it diffuses to the wall of the 
cylindrical vessel is approximated by the equation of Semenoff (ref- 
erence 8) : 


V 



i “ 32DiTi 


( 2 ) 


where 

d^^ diameter of cylinder 

diffusion coefficient of active particles of one kind into gas 

time between effective collisions for active particles of one kind 

This eq.uation was derived for the diffusion of chain carriers to the wall 
in nonbranching chain reactions in which carriers are being generated 
uniformly per unit time and volume. The concentration of active particles 
may be expressed in terms of the total concentration as follows: 

Ni = ~ % (3) 

where 

p^ partial pressure of one kind of active particles 
P total pressure 

Substituting from eq.uations (2) and (3) into equation (1) and solving 
for d]_ gives ; ■; 


di» 


32AP 


2 


1 


( 4 ) 
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Eq.uation (4) is the general expression for the tube diameter -which Is 
the q,uenching distance for propagating flame in a cylindrical duct. 


Effect of Geometry on Quenching Distance 


If quenching occurs on plane parallel plates instead of on the 
•walls of a cylinder the constant in the expression for the average 
number of effective collisions of an active particle of one kind -wi-fch 
gas phase molecules before the particle collides -wl-th the -walls changes 
(reference 8) to 


V 


i 



12D^T^ 


(5) 


where 

dg distance be-tween parallel plates 

Kie general equation for the dis-bance be-fcween parallel plates, -which is 
the q_uenching distance, becomes 


1 



Then the ratio of q^uenching distance be-fcween parallel plates to quench- 
ing diameter of a cylinder may be calculated from equations (4) and (e) : 





0.61 


(7) 


Pressure Dependence of Quenching Distance 

The pressure dependence of the quenching distance inay be determined 
from, the general equation (equation (4) ) . All of the teirms except A 

and CjL considered pressure dependent: D^ ^ cl and 

Pj^ CL P^. (Only one type of active particle is considered to be present.) 

The pressure dependence of the quenching distance is shown by the fol- 
lovring equation; 
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where r 


1-m 

2 


a 


1 


■P 



(m+lj 


P 


-r 


( 8 ) 


CoraparisciL of Quenching-Distance Equation and Tanford 
and Pease Flame -Velocity Equation 


If it is assumed that free radicals react only on collision with 
fuel molecules,, the following escpression may he written; 


■"l - HiNf 


(9) 


In this expression, is the specific rate constant for the 

reaction of the active particles of one kind sind. the fuel molecules, and 
Nf is the number of fuel molecules per cubic centimeter. Substituting 
equation (9) in equation (4) gives 




32AP 


1 






D 


i«i- 


( 10 ) 


Equation ( 10) may be conrpared with the Tanf ord and Pease expression 
(reference 4) derived for the rate of flame propagation as governed by 
the diffusion of active particles into the uriburned gas. The modified 
Tanford and Pease equation (reference 6) is expressed in equation (11) 
in terms of the symbols used in this report; 


U 


f 



Vi®i\ 
Bi / 


( 11 ) 


vhere 

velocity of flame propagation 

n moles of combustion product (CO 2 + H 2 O) per mole of fuel 

Q mole fraction of potential combustion products 

term arising from radical recombination in gas phase 
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From eq.uations (lO) and (ll) it may be seen that 

1 

/ kiPiDi\ 

■ "R 

-I I trrr\ a \ I 



( 12 ) 


The term In brackets must be evaluated to determine the relation of 
flame velocity and quenching distance for specific cases. 


APPLICATION OF THBCEY 

Calculation of Equilibrium Flame Temperature and Atom and 
Free Radical Product Concentrations 

In order to evaluate the quenching distance equation, it is neces- 
sary to know the concentration of active particles. The active particle 
concentration was obtained from hydrogen atom, oxygen atom, and hydroxyl 
radical equilibrium product concentrations for the oxidation reaction at 
flame teniperature because these values may be calculated. Equilibrium 
product concentrations and adiabatic flame temperatures were calculated 
by a matrix method (reference 9) using the tables of thermodynamic con- 
stants compiled in reference 10. The heat of formation of propane is 
the value listed in the National Bureau of Standards conciliation (ref- 
erence 11) . Equilibrium flame tencjeratures were calculated for four or 
five pressures (l atmosphere and lower) for each of the foll(Jwlng con- 
centrations: 2.5, 3.0, 3.5, and 4.03 (stoichiometric) percent propane 

by volume. The calculated values of equilibrium product composition 
and flame temperature are given in table I. 


Effect of Geometry on Quenching T)istance 

The quenching distances for propane-air flames reported by Friedman 
and Johnston (reference 12) were measured by a rectangular slit which 
approached the case of quenching by plane parallel walls while the crit- 
ical diameters for propane-air flames reported in reference 13 were 
measured in cylindrical tubes. The average value for the ratio of the 
quenching distances obtained by the two methods was found to be 0.70 
(reference 13) . 

Harris, Grumer, von Elbe, and Lewis also report (reference 2) flame- 
quenching distances between parallel plates and in cylindrical tubes for 
eight mixtures of propane in air. The average value for the ratio of 
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these two quenching distances Is 0.62. The two observed ratios congiare 
favorably with the theoretical ratio of 0.61 obtained from equation (7). 


Compaxlson of Predicted and Escperlmental Pressure Effect 
on Quenching Distance 

The equation for quenching distance which Includes the three active 
particles and diffusion coefficients at room temperature and atmospheric 
pressure may be derived from equation (4) by substituting the diffusion 
coefficients for room temperature and atmospheric pressure (reference 4). 
For example, for the hydrogen atom. 


P(298)^ 


(13) 


where Dg is the diffusion coefficient of hydrogen atams at 25° C and 
atmospheric pressure. Equation (13) includes the assumption of some 
mean temperature for the reaction ■ zone as e::jpresBed by 


In addition. If It Is assumed that 


Ti » Tjj = Tq » 


and 


C M € C tBt C 
1 H 0 OH 


(14) 


the equation becomes 


^5 2 T/AT^ 6^ 
(298)^ 



Dr 


D, 


•OH 

OH^ 

s-1 


(15) 


and the pressure 


The pressure dependence of the first factor is 
dependence of the denominator of the second factor vas determined as the 
slope of the least sq^uare lines throiagh the logarithm of the pressures 
plotted against the logaritlm of the relative atom concentrations 
Pr 


% 

% D. 


■OH 


-"O. ^OH 
erence 7 vere uaed 


The diffusion coefficients previously calculated in ref- 


(Dg- » 1*8 cm^/sec} Dq 0.40> PqH ** • The 
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pressure dependence or the relative atom and free radical concentrations 
•was evaluated for four propane concentrations in air (fig. 1) • 

The quenching distance *was calculated to he proportional to the 
pressure to the -0.91 power at stoichiometric •which may be comgpared with 
the value of -0.88 from the experimental data of Friedman and Johnston 
(reference 12) and -0.97 from the data of reference 13. The values of 
•the pressure exponent for four different concentrations are listed in 
table II. It may be seen that the theoretical -values decrease slowly 
with the propane concentration in air^ whereas experimental values 
decrease more rapidly. The agreement be-tween the theoretical and the 
experimental pressure effect on the quenching distance is surprisingly 
good. 


Relation of Quenching Distance and Flame Velocity 

Previously (reference 13) flame velocities at atmospheric pressure 
for propane-air mixtures of different hydrocarbon concentrations were 
reported to vary as the reciprocal of the quenching dis*fcance. In order 
for this observation to be consis-tent .with equation (12)^ the term in 
brackets must be practically constant. The curve showing the relation 
of flame speed and critical diameter for propane -air mixtures of var- 
ious hydrocarbon concentrations at atmospheric pressure and 25^ C is 
reproduced as figtire 2. For these data^ the term in brackets in equa- 
tion (12) -was found to be roughly constant. (A^ and were 
assumed to be constant.) The observed correlation between flame veloc- 
ity and quenching distance is then consistent -v/ith the active particle 
diffusion mechanism. It should be noted that the equation does not 
predict the flame speed to be proportional to the reciprocal of the 
quenching distance except -when the term in brackets in equation (12) is 
constant. Also^ the data used for the linear relation are very limited 
in range since flame speeds at low pressure are uncertain. 


Calculation of Quenching Distance 


An equation for the quenching distance between parallel plates 
which contains one empirical factor may be obtained from 

equation (15) by substituting the value for from equation (9) and 

the proper constant from equation (6); 


<32 



12T 


f298)^ W. 







1 

2 


(16) 
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This equation was used wllih the quenching distances of Friedman and 
Johnston (reference 12) for. propane-air flames at different pressures 
and three ccmcentrations to determine the value of the empirical factor 




Figure 3 shovrs how well the quenching data correlate with equa- 
tion (is) . The quenching distance squared is plotted against the factor 


The eqiaation predicts that this curve should he a 


12T;p^ 

(298)^ jjl 2. 

straighi: line vliili a slope of- The data do define a st 3 t 7 aight 

line -with a slope of 8.65X10^^ molecules cubic centimeter‘s^ second. 
This value of Ac^/'k^ ms used to calculate q^uenching distances vhich 


are compared -with the measured values in table IXI, The average devia- 
tion of the calculated values from the experimental values is ±2.7 per- 
cent. 


By using the value of the average specific rate constant calcu- 
lated from the flame velocity equation (reference l) of 2.3€X10"^^ cubic 
centimeters molecules”! second”!^ the value of A€± may be calculated 
to be 0.0206> A is defined as the fraction of the total molecules 
which must react for the flame to propagate. It was assumed that the 
initial reaction is between active particles and fuel molecules) there- 
fore all the reacting molecules must be propane. The efficiency of the 
wall to -destroy chain carriers is a value between 0 and 1, The 

calculated value of is found to be close to the value of the low 

inflammability limit for propane-air mixtures measured at atmospheric 
pressure and room temperature in a 2-inch glass tube. The value 
reported by Lewis and von Elbe (reference 1^ p, 749) as mole fraction 
of propane is 0.0212. Although the correspondence between A€^ and 
the low inflammability limit is probably fortuitous^ it is consistent 
with the observation that the value of the low limit depends on the 
apparatus used for measurement. 

The empirical constant from equation (15) (A€j_/kj^) may be well 

approximated by the c[Uotient of the low inflammability limit (expressed 
as mole fraction of hydrocarbon) and the rate constant from the 
flame velocity work) this fact may be used to advantage to predict 
quenching distances from the equation without any factors derived from 
the quenching data. The quenching distances so calculated for propane 
are shown in table HI . These values deviate from the experimental 
values by an average of ±3 percent. 


DISCUSSION 

This simplified treatment of the process of flame quenching 
does not give the con 5 )lete pict are of cgnaitians _ existing in the flamcj 
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but it suggests that the destruction of active particles on a surface 
could account for flame quenching by a cold surface. These considera- 
tions also give a better understanding of the possible relation between 
the chemical oxidation process and the fundamental ccmibustion property , 
called quenching distance by showing that a flame might be extinguished 
by the loss of a few chain carriers. On the basis of an active particle 
diffusion process^ the relation between two fundamental combustion prop- 
erties, flame velocity and quenching distance, is clarified. The rate of 
flame propagation may be accounted for by the diffusion of active par- 
ticles into the uhburned gas ahead of the flame^ while flame quenching 
may be governed by the diffusion of active particles to the walls. The 
process of flame propagation appears to be closely related to the chem- 
ical reaction between active particles and the molecules of the com- 
hustible mixture, whereas flame quenching is more closely related to 
the chain termination step in the oxidation process. 

This mechanism of quenching indicates that the nature of the surface 
should be important. The results of experiments to determine the effect 
of the nature of the surface on the quenching distance are conflicting. 

In general, either no surface effect or only a slight surface effect 
has been obse 2 ?ved. It may be that the surfaces used were not really 
very different. All surfaces may have appeared to he similar because 
each was covered with an adsorbed water layer, or the efficiency of 
removal of chain carriers from the gas phase by any surface at flame 
temperature may be the same. 

The equation developed in this report has been shown to predict 
quenching distances both at atmospheric and, low pressure. The average 
deviation of the calculated values from the experimental values was 
3 percent. The equation based on heat transport which was previously 
discussed (references 1 and 2) was found to be limited to the prediction 
of quenching distances at atmospheric pressure until reliable burning 
velocities are measured for low-pressure flames. Quenching distances 
were predicted by the second equation for propane-air mixtures with an 
average deviation of 23 percent from e3q)erimental values. The new 
equation appears to be more useful for the calculation of quenching 
distances because low pressure values' may be predicted and the agree- 
ment with experimental vetlues is good. 

The correspondence between quenching distances calculated by eil;her 
equation and . experimental quenching distances is so close and the assump- 
tions in the derivations are so broad that a choice between the two 
mechanisms is not justified. Undoubtedly, both processes occur. The 
fact that the new equation based on the diffusion of chain carriers fits 
so well suggests that the destruction of chain carriers on a surface 
may control the quenching process under some conditions. 


SUMMARY OF RESULTS 

The results of this investigation of quenching distance may be 
s’jmniarized as follows: 
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L. An equation for the quenching distance in a. cylinder was derived; 

' 1 


where 

d^_ diameter of cylinder 

A fraction of molecules present in gas phase which must react for 
flame to continue to propagate 

P total pressure 

p^ partial pressure of one kind of active particles 

Dj^ diffusion coefficient of active particles of one kind into gas 

Tj^ time between effective collisions for active particles of one kind 

efficiency of wall to prevent active particles which collide with 
it from returning to gas phase as ctiain ' csirriers 

2. G?he ratio of the quenching distance between plane parallel 
plates and the critical diameter for flame propagation in a cylinder was 
calculated to be 0.61. This value con^pared favorably with two experi- 
mental values of 0.70 and 0.62. 

3. The effect of pressure on quenching distance was satisfactorily 
predicted by the derived equation. 

4. The predicted relation between quenching distance and flame veloc- 
ity was consistent with the observed relation. 

5. The derived equation for quenching distance was used with either 
an eniplrical constant or a constant which was the quotient of the lean- 
limit fuel concentration and a rate constant from flame- speed calcuLa- 
tions to predict quenching distances satisfactorily. 


32AP 


[Z, -IL- 
^Wi. 


CONCLUSIONS 

Frcxm the results of this study it may be concluded that: 
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1. The quenchlTig-dlstance data for propane-air flames are con- 
sistent ■with, a mechanism of the process based on •wall des'bruction of 
chain carriers . 

2. Quenching distances for propane-air (hydrocarbon lean) flame's 
can be estimated from the derived equation using ■the lean inflammability 
limit and the flame-speed ra.te constant. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APEEKDIX - SYMBOLS 

The follo-wlng symbols are used in. this report; 

fraction of molecules preset in gas phase, vhich must react for 
flame to continue to propagate 

term arising from radical recombination 

diffusion coefficient for hydrogen atoms into air at 25° C euad 
atmospheric . pressure 

diffusion coefficient of active particles of one kind into gas at 
reaction -zone, temperature and pressure 

diffusion coefficient for oxygen atoms into air at 25° C and 
atmospheric pressure 

diffusion coefficient for hydroxyl radicals into air at 25° C and 
atmospheric pressure 

diameter of tube 

distance, between parallel plates 

efficiency of reproduction pf active p^tlcles 

specific rate constant for reactlcoi. of .active particles of one 
kind with fuel molecules 

number of active psirticles per unit volume 

number of molecules of fuel per unit volume 

number of active particles of one kind, per_ unit volume 

total number of molecules per unit volume 

number of generations and moles of combustion product (COg + H2O) 
per mole of fuel 

total pressure. - 

partial pressure of hydrogen atoms 

partial pressure of active particles of one kind 


partial pressure of oxygen atoms 
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p partial pressure of hjniroxyl radicals 

OH 

Q mole fraction of combustion products 

Tj, flame temperature 

TJf velocity of flame propagation 

efficiency of wall .to prevent active particles which colli(3e with 
it from returning to gas phase as chain carriers with gas phase 
molecules "before particle collides with wall 

average number of effective collisions of an active particle of one 
kind with gas phase molecules before particle collides with wall 

T time between effective collisions fctr hydrogen atoms 

JtL 

T time between effective collisions for active particles of one 

kind 

Tq time between effective collisions for oxygen atoms 

time between effective collisions for hydroxyl radicals 
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TABLE I - CALCULATEI) PAETIAL ERES0URES OF FBEE RADIGAIfl MD EQUILIBRIUM 
FLAME raMEEHATUKES FOR EROPANE-AIR MEXTURES AT VARIOUS ERESSURES 'cr. 


Propane In 
air 

(percent 
"by ■volume) 

To-tal 

pressure 

(atm) 

Partial pressure 
of E atom 
(atm) 

Partial pressure 
of 0 atom 
(atm) 

Partial pressure 
of OH radical 
(a-tm) 

Equilibrium 
flame temp- 
erature 
(°K) 

2.50 

1.00 

0.05X10® 

1.69X10® 

26.12X10® 

1719 

2.50 

.50 

.04 

1.19 

15.51 

1719 

2.50 

.066 

.03 

.42 

3.36 

1717 

2.50 

.013 

.02 

.18 

.97 

1715 

3.00 

1.00 

1.04 

10.54 

96.41 

1941 

3.00 

.50 

.85 

7.19 

56.68 

1939 

3.00 

.066 I 

.46 

2.41 

11.74 

1929 

3.00 

.013 

.25 

.94 

3.19 

1915 

3.50 1 

1.00 j 

9.55 

30.58 

221.16 

2134 

3.50 

.50 1 

7.37 

20.54 

126.79 

2125 

3.50 

.066 

3.07 

6.00 

23.79 

2089 

3.50 1 

.013 

1.33 

2.04 

5.84 

2048 

4.03 

.659 

37.18 

27.29 

201.19 

2255 

4.03 

.222 

20.22 

14.51 

82.12 

2223 

4.03 1 

.065 

9.73 

6,75 

28.89 

2182 

4.03 

.033 

6.37 

4.34 

16.04 

2357 

4.03 

.016 

3.99 

2.65 

8.43 

2130 
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TABLE II - COMPARISON OP THE CALCULATED AND EXPERIMENTAL 
PRESSURE EFFECTS ON THE QUENCHING DISTANCE 


Volume 
percent 
propane 
in air 

Pressure exponent 

Theoretical 

Prom data of 
reference 12 

From data of 
reference 13 

4.03 

-0.91 

-0.88 

-0.97 

3.50 

-.90 

-.85 

-.92 

3.00 

-.88 

-.83 

-.85 

2.50 

-.87 


-.76 


2389 
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TABLE III - COMPARISON OF CALCULATED AND EXEERIMEHTAL 


QUENCHHIG DISTANCSES 



Volume 

percent 

propane 

Pressure 

(atm) 

Quenching distances 
(cm) 

Experimental 

Calcula'fced 

Empirical 

constant 

Lean l^lmlt 

4.03 

0.0832 

1.80 

1.81 

1.79 

4.03 

.133 

1.16 

1.19 

1.17 

4.03 

.216 

'.73 

.76 

.75 

4.03 

.359 

.48 

.50 

.49 

4.03 

.600 

.31 

.32 

.32 

4.03 

1.000 

.20 

.20 

.20 

3.50 

.0832 

2.06 

2.04 

2.02 

3.50 

.133 

1.33 

1.34 

1.32 

3.50 

.216 

.84 

.86 

.85 

3.50 

.359 

.57 

.57 

.56 

3.50 

.600 

.36 

.35 

.35 

3.50 

1.000 

.25 

.24 

.24 

3.00 

.0832 

2.84 

2.83 

2.79 

3.00 

.133 

1.87 

1.87 

1.84 

3.00 

.216 

1.16 

1.23 

1.21 

3.00 

.359 

.78 

.78 

.77 

3.00 

.600 

.52 

.50 

.49 

3.00 

1.000 

.37 

.32 

.32 
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Figure 1. - Variation of relative active particle concentration with 

total pressure. 
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“ Correlation of flame speed with criticeil diameter for vcorlous propane-air 
mixt lines at atmospheric pressure and 23P C (reference 9). 


Figure 2. 









